I examined the effect of lipid concentration on the interaction of the very-low-density and low-density lipoproteins in serum with heparin and calcium. A precipitate forms when partly delipidated serum is subjected to the polyanion-metal ion system. Although this precipitate is less turbid than the complexed lipoprotein-polyanion-metal ion in undelipidated serum, the two precipitates contain identical amounts of apolipoprotein. Totally delipidated serum produces only a slight precipitate with heparin and calcium, and this precipitate contains only a fraction of the apolipoproteins. Cholesterol and triglycerides are the major determinants of turbidity when serum is mixed with heparin and calcium, but have no effect on the precipitation of the protein moiety. Phospholipids contribute a small proportion of the turbidity in the lipoprotein-polyanion-metal ion interaction. Precipitation of the low-density lipoproteins by heparin and calcium depends on the protein moiety and on the chemical composition of the lipid moiety. Phospholipid is required, but cholesterol and triglyceride are not, for total precipitation of the complex.
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In hyperlipoproteinemia there are excessive concentrations of chylomicrons, very-low-density lipoprotein (VLDL), and low-density lipoprotein (LDL), alone or in certain combinations in plasma. The prevalence of hyperlipoproteinemia in subjects with premature coronary heart disease is exceedingly high.
It is convenient to describe lipoproteins as physicochemical entities, comprising four more or less discrete families. However, it has become apparent that they exhibit complex dynamic interrelationships. The exact nature of the lipoprotein-polyanion-metal ion interaction is not completely understood. Burstein and Scholnick (2) have shown that an insoluble lipoprotein-polyanion-metal ion complex is more easily formed when the protein/lipid ratio is lower, more easily with chylomicrons than with VLDL, more easily with VLDL than with LDL, and more easily with LDL than with HDL.
It is assumed that the polyanions combine with the protein moiety of the respective lipoproteins to form a soluble complex, and that in the presence of divalent cations this complex becomes insoluble. This precipitation requires the presence of lipid and is facilitated by a low protein/lipid ratio but is independent of the chemical composition of the lipid moiety (2). However, this assumption does not hold entirely, because it has been shown that in the absence of divalent cations, the difference in pH requirements for the heparin precipi-tation result in LDL being more easily precipitated than VLDL, which in turn are more easily precipitated than chylomicrons, and the latter more easily than HDL (2). This phenomenon cannot be explained either by the protein/lipid ratio or by the composition of the lipid moiety.
Nishida and Cogan succinylated or acetylated LDL and demonstrated that the protein polar groups are responsible for the polyanion-LDL interaction. Divalent cations were required to crosslink negative charges of both polyanion and LDL and precipitate this complex (4).
Bernfeld and Kelley (5) and Canal and Girard (6) concluded that sulfated polysaccharides combine with the positively charged groups of LDL phospholipids and that the protein moiety is not essential.
The present study represents an effort to clarify some of the uncertainties regarding the mode of the LDLpolyanion-metal ion interaction. The turbidity produced by the complex in control, partly delipidated, and totally delipidated sera is shown to be mainly due to the presence of cholesterol and triglyceride and, to a much lesser extent, phospholipid and apo-LDL. However, the precipitation of apo-VLDL and apo-LDL by heparin and CaCl2 depends on the protein moiety and on the chemical composition of the lipid moiety. Phospholipid is required, but cholesterol and triglyceride are not essential for complete precipitation of apo-VLDL and apo-LDL by heparin and CaCl2.
Materials and Methods

Antiserum:
Serum from human blood freshly drawn from fasting healthy subjects was ultracentrifuged in a 40.3 rotor of the Spinco Model L preparative ultracentrifuge. Two lipoprotein fractions were separated: VLDL (and traces of chylomicrons), relative density < 1.006; and LDL, relative density 1.006 to 1.063. Methods of separation are described elsewhere (7). Antisera was produced in the rabbit against the purified human VLDL and LDL. Collection of the antisera was begun two months after the first injection. Rabbit antisera polyvalent to whole human serum was obtained from Hoechst Australia, a subsidiary of Behringwerke,
Conditions for agarose electrophoresis and immunodiffusion were those described by Keyser (8).
Deuipidation:
Partly and totally delipidated serum was prepared by the method of Cham and Knowles (9). 1 For the present studies, 5-mi aliquots of serum were added to 10 ml of organic phase consisting of 0, 25, and 40 ml of butanol per deciliter of diisopropyl ether (the organic phase was saturated with physiological saline before the serum was added; the diisopropyl ether was free of peroxides). The samples were mixed for various periods of time at room temperature in a blood-cellsuspension rotator (Clements, Australia moving the aqueous phase from the organic phase, I subjected the partly and totally delipidated sera to quantitative lipid analysis and to treatment with heparm and calcium chloride.
Heparin/Calcium Chloride Precipitation and Turbidimetry
Precipitation.
VLDL and LDL were selectively precipitated by the method of Burstein and Scholnick (2, 3). At room temperature, 200-al aliquots of control, partly delipidated, and totally delipidated sera were mixed with 2.0 ml of CaCl2 (25 mmol/litre) in a calibrated cuvette. Respective serum blanks were read at 700 nm in a Unicam SP 1800 spectrophotometer.
Then 15 ul of a 50 g/litre heparmn (5000 units/ml) solution was added and carefully mixed. After 4 mm, the absorbance was read again, the blank value subtracted, and the turbidity expressed in absorbance units multiplied by 100.
Aliquots of 200-1d of control, partly delipidated, and totally delipidated sera were similarly treated with CaCl2 and heparin in 10-ml centrifuge tubes. After 15 mm, the mixtures were centrifuged for 10 mm at 6000 rpm. The clear supernate was decanted and concentrated to 200 zl with "Macro-Solute" concentrators (Amicon Corp., Lexington, Mass. 02173). Aliquots of these supernates, together with aliquots of control, partly delipidated, and totally delipidated sera, were immunoelectrophoresed.
The precipitates obtained by the addition of the heparmn and CaCl2 were washed twice with 4.0 ml of the CaCi2 solution containing 30-gil of the heparin solution. After centrifugation of the final wash, the supernatant fluid was decanted, and the centrifuge tubes were left upside down for 20 mm. The resulting precipitate was dissolved in 2 ml of 0.1 mol/litre NaOH at 50 #{176}C. Aliquota of 1.0 ml were taken for protein determinations.
Chemicau anauysis. Control, partly delipidated, and totally delipidated sera were extracted in chloroform/ methanol (2/1 by vol) for estimation of triglyceride (10), cholesterol,2 and phospholipid (11).
Protein was determined by the method of Lowry et al. (12).
Results
Chemical analyses of control, partly delipidated, and totally delipidated sera of four different subjects are shown in Table 1 . Extraction of serum with diisopropyl ether for 24 h removes most of the cholesterol and triglyceride, but only a little phospholipid.
Extraction of serum with a combination of butanol/diisopropyl ether (25/75 by vol) removes cholesterol, triglyceride, and most of the phospholipid from the serum, the extent of removal of these lipids being dependent on the duration of the extraction. Increasing the proportion of butanol in the organic solvent to 40/60 butanol/diisopropyl ether virtually total delipidates the serum in 0.5 h. All results in g/llter except for (VLDL + LDL)turbidity, which is given in absorbance units multiplied by 100.
When control serum is exposed to heparin and calcium ions, a turbidity develops. Under the same conditions, sera devoid of cholesterol and triglyceride, but containing various concentrations of phospholipid, yield only slight turbidities when subjected to polyanions and divalent cations. Heparin and calcium ions only minimally affect the turbidity produced with totally delipidated serum.
There is no significant difference in precipitation of VLDL + LDL protein by heparin + CaC12 in the control and partly delipidated sera. However, in totally delipidated sera only little protein is precipitated by heparmn and calcium ions.
Immunoelectrophoretic patterns with LDL antibodies of control, partly delipidated (0.25 h extraction of serum with butanol/diisopropyl ether, 25/75 by vol), and totally delipidated sera ( Figure 1, A, C , & E, respectively) indicate that these sera each produce a precipitin arc in the f3-lipoprotein region. These lipoprotein arcs and arcs of other serum proteins are also present after immunoelectrophoresis against anti-whole human serum (Figure 1 A, C, & E) .
Removal of the precipitated VLDL + LDL complex by centrifugation from control, and partly delipidated sera causes the disappearance only of the precipitin arcs formed by interaction of antibody with low-density lipoproteins (Figure 1, B & D) . However, removal of the partly precipitated apo-VLDL + apo-LDL complex from totally delipidated serum (Table 1) does not cause the disappearance of the full antibody reaction against LDL antibodies (Figure 1, F) , indicating that these apolipoproteins are not fully precipitated by the polyanions + CaC12, and confirming the data in Table 1 . Removal of lipid from serum increases the electrophoretic mobility of the low-density-lipoprotein fraction. Polyanions and divalent cations also increase the electrophoretic mobility of apo-LDL in the totally delipidated serum (Figure 1, F) .
Similar results are obtained with pre-fl-lipoprotein when VLDL antibodies are used instead of LDL antibodies.
Discussion
There is a controversy on the nature of the lipoprotein-polyanion-metal ion interaction. Combination of the protein moiety with polyanions to form soluble complexes, which in turn may be precipitated in the presence of divalent cations and lipid, has been suggested. This interaction is supposedly facilitated by a low protein/lipid ratio (2). Other investigators suggest that divalent cations are required to crosslink negative charges of both polyanion and LDL, which causes precipitation of this complex (4). Combination of sulfated polysaccharides with the positively charged group of LDL phospholipids has also been suggested (5, 6). A method of obtaining partly and completely delipidated sera (9) has enabled us to study the effect of lipid concentration on turbidity, and protein precipitation in the presence of heparin and calcium ions.
I suggest that the turbidity obtained by the interaction of heparin/CaCl2 with serum is largely due to the presence of cholesterol and triglyceride, and that This observation is important, because turbidity is presently used as an estimate of serum VLDL + LDL (2, 3) . This observation does not agree with the linear relationship between turbidity values and the total lipid content (2). The present studies indicate that phospholipid concentration is not linearly related to turbidity and may explain why the factor required to convert milligrams of lipid to absorbance units is not the same for chylomicrons and LDL (2). This conversion factor may be related to the (triglyceride + cholesterol)/phospholipid ratio in these different lipoprotein classes.
This study reports that the protein moiety of VLDL + LDL can be precipitated in serum containing various concentrations of lipid. If cholesterol and triglyceride are absent, but more than 16% of the original concentration of phospholipid is present, then virtually all VLDL + LDL proteins precipitate with heparin + CaC12; however, if less than 1.9% of the original phospholipid or if no phospholipid is present, then little precipitation occurs. This suggests that cholesterol and triglyceride have no effect on the precipitation of the lipoprotein-polyanion-divalent cation complex in serum. The extent of precipitation partly depends on the apolipoprotein, but phospholipid is essential for total precipitation of the complex. Plasma delipidation studies suggest that quantitatively, but not qualitatively, the immunochemical reaction decreases when no lipid is present (9, 13). Relipidation studies with plasma free of lipid reinforce this suggestion, because the quantitative immunochemical reactivity was fully reversible for HDL and partly reversible for LDL (14) . Delipidation studies on purified VLDL and LDL show explicitly that the quantitative immunochemical reactivity indeed depends on the lipid moiety of the lipoprotein,' and explains why the partly and totally delipidated LDL-antibody complexes are less densely stained than the undelipidated control ( Figure 1 ). This may explain why turbidity and electroimmuncdiffusion values for VLDL + LDL in serum correlate well (3).
Removal of lipid from serum by the organic solvents results in faster electrophoretic mobilities of the pre-f3-and j3-lipoprotein fractions when compared with the same fractions in the unextracted control serum. This confirms results already published (13, 14) . The electrophoretic mobilities of apo-VLDL and apo-LDL increase even more in the presence of heparin + CaC12, implying that the apolipoprotein-heparin-calcium complex may have a more negative net charge.
Bernfeld and Kelley (5) suggested that the protein moiety is not essential for the lipoprotein/polyanion interaction and concluded that phospholipid is responsible for the formation of complexes with polyanions. However, it was also pointed out that the protein moiety could play a role in these interactions and be a determining factor for the various types of interactions.
Nishida and Cogan (4) suggest that charged groups on LDL protein interact with sulfated polysaccharide, but the possibility that the charged groups of the phospholipid may contribute to the interaction could not be eliminated. Indeed, a significant but minor degree of phospholipid participation at high dextran sulfate/LDL ratio was apparent.
I suggest that interaction of charged groups of apo-VLDL and apo-LDL with the sulfated polysaccharide and divalent cations may render this complex slightly insoluble. Under the conditions studied, this complex becomes completely insoluble when phospholipid is. present, possibly owing to further interaction of the complex with charged groups of the phospholipid molecule. Neutral lipids have no effect on the protein precipitation.
Both phospholipid and apo-VLDL + apo-LDL are required for the formation of the complete precipitation of the complex. This may explain the observations made by Bernfeld and Kelley (5) that phospholipid is responsible for the formation of the complex, and observations made by Nishida and Cogan (4) that LDL charged groups are responsible for the formation of the complex.
Below a critical concentration of phospholipid (in serum this is less than 16% of the original amount) the interaction occurs, but only partial precipitation results.
Immunochemical studies have shown that the conformation of the apolipoproteins of VLDL and LDL have similar properties as their parent lipoproteins (14) . ' This does not rule out the possibility, however, that small differences in conformation of the lipoproteins may occur as a result of total delipidation. Slight conformational changes may alter the binding characteristics of the apolipoproteins with heparmn and calcium ions, and mask the identity of the reaction, and precipitation, of the apolipoprotein-heparin-calcium complex. Small amounts of phospholipid may be the determining factor in retaining the conformation of the lipoprotein in a more native state. Further investigation is required to elucidate these propositions.
In summary, in a study to determine the nature of (VLDL + LDL)-heparin-calcium ion interaction, I observed that:
#{149} turbidity and apolipoprotein precipitation are two different entities; #{149} apolipoprotein and phospholipid each contribute a minor part, whereas cholesterol and triglyceride contribute the major part of the turbidity that results when heparin + CaC12 are added to serum; and #{149} precipitation of the protein moieties of VLDL + LDL by the lipoprotein-heparin-calcium complex depends on phospholipid and apolipoprotein, but not on the cholesterol and triglyceride contents. 
